Abstract: To determine if contaminants contributed to low hatching success of ospreys (Pandion haliaetus) nesting near Delaware Bay, we compared levels of organochlorines, mercury, and lead in addled and randomly collected eggs and potential prey from Delaware Bay to a successful population along the Atlantic Coast (<80 km from the Bay colony) and a geographically intermediate population along Maurice River (<40 km from the Bay colony), a tributary of Delaware Bay. Eggs from Delaware Bay contained significantly higher levels of DDE, DDD, PCB's, dieldrin, and heptachlor epoxide than did Atlantic Coast eggs (P < 0.008) and also had thinner eggshells (P = 0.04); eggs from Maurice River had intermediate contaminant levels and eggshell thickness. Contaminant levels in potential prey from each region reflected levels found in eggs, suggesting that ospreys accumulated contaminants on their breeding grounds. Eggshell thickness was most closely correlated with levels of DDD (P = 0.002) and DDE (P = 0.06) in eggs. With the exception of dieldrin (P = 0.003), addled and randomly collected eggs contained similar contaminant levels, although addled eggs contained mirex (P < 0.0001) and lead (P = 0.04) more frequently. Elevated contaminant levels in osprey eggs from Delaware Bay suggest that contaminants from within the Bay contributed to reduced hatching success in this population.
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Most osprey and other avian populations, once adversely affected by pesticide contamination, have progressively recovered (Henny 1977 , Ratcliffe 1979 . Productivity and population levels in many areas no longer seem restricted by the effects of these contaminants (Wiemeyer et al. 1988 . For species such as the osprey and bald eagle (Haliaeetus leucocephalus), population recovery seems imminent. Recovery of several localized populations, however, continues to be affected by organochlorine and other environmental contaminants (White et To determine if low hatching success and continued reproductive failure of Delaware Bay ospreys was influenced by environmental contaminants, we assessed levels of organochlorines (OC's), including polychlorinated biphenyls (PCB's), mercury, and lead in addled and randomly collected osprey eggs and prey from 3 regions of New Jersey. In addition to Delaware Bay, we examined eggs and prey from a reproductively successful population along the Atlan- 
STUDY AREAS AND METHODS
We collected osprey eggs and prey from 3 regions in southern New Jersey: Delaware Bay, Maurice River, and the Atlantic Coast. Osprey nests near Delaware Bay were located along the northern reach of this estuary and were built atop 500-kV electric transmission towers. Maurice River is an estuarine river feeding Delaware Bay; nests were located 10-15-km upriver from the Bay and built on man-made nesting structures placed specifically for ospreys. The Atlantic Coast region consisted of 3 estuarine areas in northern Cape May County, located <4 km from the Atlantic Ocean, where ospreys nested on man-made nesting structures, in dead trees, or atop blinds for duck hunting ).
Sample Collection and Preparation
We collected osprey eggs after they failed to hatch ("addled") during 1985-88 and collected eggshell fragments (1 fragment/egg, representing -1/2 egg) found in and near nests ("fragments") during 1987-88 from each region. We collected fresh eggs ("random") during 1989 by removing 1 egg from complete clutches (>-3 eggs) within 1 week of clutch completion. Addled eggs were wrapped in aluminum foil and frozen after collection, whereas random eggs were not frozen until contents were removed on the day of collection. We randomly subsampled addled eggs collected from Delaware Bay and Atlantic Coast nests for contaminant analyses. All addled eggs were used for eggshell thickness analyses.
We measured volume of eggs by water displacement and length and breadth with Vernier calipers. We opened eggs by scoring the egg's equator with a scalpel. Egg contents were placed into jars washed in nitric acid and rinsed with hexane. Eggshells (including fragments) were rinsed in tap water and allowed to dry for >3 months prior to measuring thickness and mass. We used a dial-gauge micrometer to measure eggshell thickness near the equator of the egg (whenever possible) and compared these measurements to mean pre-DDT thickness of 0.505 mm (Anderson and Hickey 1972). For each whole egg collected, we also calculated the Ratcliffe Thickness Index (Ratcliffe 1979 Kaiser et al. (1980) , whereas analyses for metals generally followed those described in Haseltine et al. (1981) . Two egg samples were analyzed in duplicate for OC's, 3 for metals, and 2 fish composites in duplicate for metals. Detection limits (ppm) were 0.01 for OC's (wet mass) and 0.02 for mercury (dry mass) in eggs and fish; limits were 0.15 and 0.3 (dry mass) for lead in eggs and fish, respectively. Recoveries in spiked samples ranged from 85 to 100% for OC's and 97 to 102% for metals. We did not adjust residue levels for percent recovery.
All residue levels were adjusted for dehydration ) except levels in fish composites. All residues are reported in ppm fresh wet mass unless otherwise stated.
Statistical Analyses
Contaminant levels in eggs were log10 transformed because of skewed distributions; therefore we report geometric means throughout. Only contaminants detected in >50% of egg samples were retained for analyses. After ad-justing for dehydration, we assigned a value of 1/2 the detection limit for egg samples in which contaminants occurred below these limits.
Univariate Comparisons.-We used a multiway ANOVA with region, egg type (random and addled), and year as main effects where appropriate to compare transformed residue levels, eggshell thickness, and Ratcliffe Indices. Because of small sample sizes, we excluded Maurice River eggs and eggshells from comparisons between regions but included these when we examined eggshells and contaminants for all regions. We compared occurrence of contaminants with log-likelihood ratio tests for contingency tables (G-tests). To determine those contaminants most related to eggshell thinning, we performed stepwise-multiple regressions and calculated Pearson correlation coefficients.
Multivariate Comparisons. -We compared contaminant levels between regions and egg types with multi-response permutation procedure (MRPP), a multivariate-nonparametric test for differences between groups (Miekle et al. 1981). We performed 2 principal components analyses (PCA) on transformed data using (1) all contaminants to assess qualitatively the differences between regions and (2) only OC's to determine those OC's most related to eggshell thinning. For the latter PCA, we used a varimax rotation to facilitate interpretation (Kleinbaum and Kupper 1978) .
RESULTS

Occurrence of Contaminants in Eggs
The contaminants DDE, DDD, oxychlordane, heptachlor epoxide, trans-nonachlor, PCB's, and mercury occurred in all eggs analyzed (n = 25), whereas dieldrin (88%), mirex (28%), lead (24%), and BHC (4%) occurred in lesser proportions. Contaminant occurrence in eggs was similar among regions, but mirex occurred more frequently in addled than randomly collected eggs (88 vs. 0%) (G = 23.6, P < 0.0001) as did lead (50 vs. 12%) (G = 4.1, P = 0.042). Dieldrin also occurred more frequently in addled eggs (100 vs. 82%), but the difference was not significant (G = 2.5, P = 0.11). Because of low frequency of occurrence, mirex, BHC, and lead were excluded from subsequent analyses.
Comparisons between Regions and Egg Types
Contaminant levels were generally highest in eggs from Delaware Bay (Table 1) eggshell types, random eggshells were consistently thinner than addled eggshells, whereas contained significantly higher levels of DDE, DDD, PCB's, dieldrin, and heptachlor epoxide when compared to Atlantic Coast eggs (F > 7.8, P < 0.008 for all comparisons), although mercury residues were higher in Atlantic Coast eggs (F = 6.7, P = 0.02). Dieldrin was the only contaminant that differed significantly between addled and random eggs and was higher in addled eggs (F = 11.6, P = 0.003).
Results from multivariate tests were similar. Contaminant levels in eggs from Delaware Bay were higher than those from the Atlantic Coast for random (T = 5.21, P = 0.002) and addled eggs (T = 2.33, P = 0.03) considered separately and both egg types combined (T = 7.93, P = 0.0001). There was no difference in overall contaminant loads between random and addled eggs (T = 0.29, P = 0.28).
Colonies differed strongly along the first principal component (derived from all contaminants), which we interpreted as a summary of OC's, and were completely separated along the first 2 components, largely OC's versus mercury (Fig. 1) . Although based on a small sample, Maurice River egg contaminant levels were intermediate to Delaware Bay and Atlantic Coast colonies (Fig. 1) . Reproductive success of ospreys from each region (Table 2) reflected contaminant levels found in eggs (Table 1) .
Eggshell thickness and Ratcliffe Indices did not differ between years within region (F < eggshell fragments were thinnest (Table 3) .
Contaminants Influencing Eggshell Thickness
Several OC's were inversely correlated with eggshell thickness of random eggs and both addled and random eggs combined for all regions, but not with thickness of addled eggs alone (Table 4). The apparent influence of specific contaminants on eggshell thickness also differed between regions. Using data from random eggs only, several contaminants were correlated with eggshell thickness for the Atlantic Coast region but not for the Delaware Bay region (Table 4) . A multiple regression of all OC's on both addled and random eggs combined indicated that DDD was the only contaminant significantly related to eggshell thickness (F = 13.45, P = 0.0013, n = 25).
There was a significant inverse correlation between eggshell thickness and the first principal component (derived from OC's only) for all egg types (r = -0.53, P = 0.007). This component was significantly related to DDD, DDE, PCB's, heptachlor epoxide, and oxychlordane in decreasing order (r > 0.70, P < 0.01 for all correlations).
Contaminant Levels in Prey
Contaminant levels in prey (Table 5) reflected those in eggs from each region (Table 1) were generally highest in Delaware Bay, intermediate in Maurice River, and lowest in Atlantic Coast composites. Notably, o,p'-DDE, o,p'-DDD, o,p'-DDT were detected in several fish samples but in no egg samples, a-chlordane in all fish samples but in no egg samples, and oxychlordane in all egg samples but in no fish samples. The biomagnification (i.e., the mean residue levels in eggs relative to residue levels in prey) from menhaden, the major prey species for these ospreys , to random osprey eggs from Delaware Bay and the Atlantic Coast were comparable for all contaminants and regions. Biomagnification for Delaware Bay and Atlantic Coast eggs, respectively, was 19 and 25 for DDE, 4 and 6 for DDD, and 17 and 15 for PCB's.
DISCUSSION
Regional Differences
Eggs collected from ospreys nesting along Delaware Bay had substantially higher levels of organochlorines and thinner eggshells than eggs from ospreys nesting along the Atlantic Coast <80 km away, indicating continued exposure of Bay ospreys to these contaminants. Residue levels in Bay eggs were comparable to those reported for Atlantic Coast ospreys during 1976-79 (Wiemeyer et al. 1988 ). In the osprey populations we studied, productivity diminished with increasing contaminant burdens in eggs and prey.
Reproductive success of ospreys along Delaware Bay has been below that of ospreys along the Atlantic Coast since at least 1974 . Contaminant levels in the most contaminated eggs from Delaware Bay were within the range that could adversely affect reproductive success of ospreys (Wiemeyer et al. 1988 ). Of particular importance are those eggs with high levels of DDE and PCB contamination. Levels of other OC's, mercury, and lead appeared too low to have adversely affected osprey (Kubiak et al. 1989 ). Because we examined only total PCB's and not isomerspecific ones, we cannot speculate on the relative toxicity of specific PCB compounds on the populations we sampled (Schmitt et al. 1990 ).
Contaminant Levels and Eggshell Thickness
The strong correlations between DDD and DDE with eggshell thickness (Table 4) 
